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and Impacts
Abstract Mailuu-Suu is a former uranium mining area in Kyrgyzs-
tan (Central Asia) at the northern border of the Fergana Basin. This
region is particularly prone to landslide hazards and, during the last
50 years, has experienced severe landslide disasters in the vicinity of
numerous nuclear waste tailing dams. Due to its critical situation,
the Mailuu-Suu region was and still is the target area for several risk
assessment projects. This paper provides a brief review of previous
studies, past landslide events and a discussion on possible future risk
scenarios. Various aspects of landslide hazard and related impacts in
the Mailuu-Suu Valley are analyzed in detail: landslide susceptibility,
historical evolution of landslide activity, size-frequency relationship,
river damming and flooding as well as impacts on inhabited areas
and nuclear waste storage zones. The study was carried out with
standard remote sensing tools for the processing of satellite imagery
and the construction of digital elevation models (DEMs). The pro-
cessed inputs were combined on a GIS platform with digital landslide
distribution maps of 1962, 1977, and 2003, digitized geological and
geographic maps, and information from landslide monitoring and
geophysical investigation.
As a result, various types of landslide susceptibility maps based on
conditional analysis (CA) are presented as well as predictions of future
landslide activity and related damming potential and their possible
impact on the population. For some risk scenarios, remediation and
prevention measures are suggested.
Keywords Landslides . Hazard analysis . Socio-economic impacts .
GIS . Kyrgyzstan
Introduction
Risk is the product of hazard and its socio-economic impact poten-
tial taking into account the value of the exposed objects and their
vulnerability. In this equation, some terms are often misunderstood,
such as hazard, which is often equated with susceptibility. In the case
of landslides, Carrara et al. (1995) and Guzzetti et al. (1999) clearly
outline the difference between hazard and susceptibility; the latter
essentially describes the spatial distribution of the slope-failure po-
tential whereas hazard also involves two other terms: the magnitude
or intensity of a natural phenomenon and its temporal frequency or
recurrence (Guzzetti et al. 1999).
This paper presents an analysis of hazards induced by numerous
landslides in the Mailuu-Suu Valley (Kyrgyzstan). The link between
hazards and the possible effects on the population is evaluated qualita-
tively without computing vulnerability and value of exposed objects;
therefore, this study is not intended to be a risk analysis.
After a brief review of existing information about the environmen-
tal conditions, a landslide susceptibility (LS) analysis of the valley is
shown. Among the various commonly used susceptibility mapping
techniques based on neural networks (Lee et al. 2004; Ferna´ndez-
Steeger 2002), fuzzy sets (Ercanoglu and Gokceoglu 2002) and mul-
tivariate models (Atkinson and Massari 1998) or physical (process-
based) models (Vanacker et al. 2003; Khazai and Sitar 2000) we have
chosen a statistical method, conditional analysis (CA), to assess the
spatial landslide potential in the Mailuu-Suu Valley. This method has
been successfully applied by Clerici et al. (2002) to assess LS in the
Northern Apennines. This method has already been used for eval-
uating LS in the Suusamyr area located some 150 km north of the
Mailuu-Suu Valley (Havenith et al. in press).
In addition to the LS, temporal and magnitude aspects of landslide
hazard were studied on the basis of the size-frequency relationship,
the historical evolution of landslide activity and landslide monitoring
data. This allowed us to estimate future activity in terms of landslide
recurrence within tens to a few hundred years.
Finally, several risk scenarios are presented and this is followed
by a discussion on the likelihood of major events and their possible
impacts on the population. In particular, we analyzed the potential of
multiple simultaneous events and possible impacts from a so-called
“Domino” effect. In a few of these cases, we had already reviewed
proposed risk mitigation measures and suggested new ones, aiming
to prevent future damage by delineating those zones most exposed to
landslide hazards.
Study area
The Mailuu-Suu Valley (at 700–4,000 m altitude with 530 km2 catch-
ment area, semi-arid conditions) is located in the tectonically and
seismically active Tien Shan Mountains. The Tien Shan is a Cenozoic
orogenic belt in Central Asia with a basin and range structure caused
by the post-collisional convergence of India with Asia. A major tec-
tonic feature in the Tien Shan is the active Talas-Fergana fault crossing
the mountain belt from NW to SE (Fig. 1).
Several strong earthquakes in the last century struck the Kyrgyz
part of the Tien Shan (Fig. 1): the M = 8.2 Kemin earthquake in 1911,
the M = 7.6 Chatkal earthquake in 1946 and the Ms = 7.3 Suusamyr
earthquake in 1992. The area of Mailuu-Suu is characterized by a
moderate to high seismic hazard (Abdrakhmatov et al. 2003). The
last strong earthquake (Ms = 6.2) hit the region on May 15, 1992, and
was located about 30 km SSE of the town of Mailuu-Suu (Fig. 1).
Another tectonically active zone, the Arslanbob area, is located in
the north of the target region, the central Mailuu-Suu Valley, where
the topography rises towards the Fergana Range (Fig. 1). The Fergana
Range is partially built of Paleozoic rocks and bounded to the east by
the Talas-Fergana fault. South of Mailuu-Suu, smooth hills formed by
Tertiary sediments and Quaternary terraces dip towards the Fergana
Basin (Fig. 1) which is the largest intramountain basin of the Tien
Shan.
The central part of the Mailuu-Suu Valley is made of both Mesozoic
and Tertiary rocks. Cretaceous (and locally Jurassic) rocks, mainly
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Fig. 1 Shaded relief map of the Tien Shan Mountains (from NOAA digital elevation model)
with location of Kyrgyzstan and neighboring countries, Talas-Fergana fault, Chatkal earthquake
(Ms = 7.6, 1946), Suusamyr earthquake (Ms = 7.3, 1992), Kemin earthquake (Ms = 8.2, 1911)
and Ms = 6.2 event in 1992, in the northern part of the Fergana Basin, 30 km south of Mailuu-Suu
(indicated); A F: location of the Arslanbob fault in the northern Fergana Range
soft silt- and sandstones, form the core of open anticlines, such as
the central anticline in Fig. 2, with steeper northern limbs. They are
overlaid by alternating clay- and limestones of the Paleogene and
Neogene. Several Quaternary terraces are located on both sides of the
Mailuu-Suu River (Fig. 2).
Active slope failures were reported in the early 1950s, only a few
years after the start of exploitation and processing of uranium deposits
(mainly within Paleogene limestones) in 1946. Until the end of min-
ing in 1968, the ecological situation in the valley became even more
critical through the production of large amounts of nuclear waste, in
part imported from Eastern Germany (Erzgebirge), Czechoslovakia
(Yakhimov), Bulgaria (Bukhovo) and Tajikistan (Taboshar, Adras-
man). At present, there are 23 tailings and 13 nuclear waste dumps
with a total volume of about 3 × 106 m3 of radioactive material along
the banks of Mailuu-Suu River (Vandenhove et al. 2003). A major
problem connected with the abandoned tailings is that erosion is de-
grading the protection measures, such as drainage systems and gravel
covers.
Input data
The data used in this paper were collected over many years by dif-
ferent teams. Landslides have been counted since 1950 (after 1991, by
geologists of the Ministry of Ecology and Emergency of the Kyrgyz
Republic) using aerial photographs and field observations. Digital
landslide maps are available for 1962, 1977, and 2003. The landslides
include various kinds of coherent failures in rock (generally small
rockslides) and earth slopes (debris and earth slides, slumps). Rock
falls and debris flows were not mapped.
Detailed information about the nuclear waste storage was provided
by the TACIS project Remediation of Uranium Mining and Milling
Tailing in Mailuu-Suu District (Vandenhove et al. 2003). Previous
studies including remote sensing analyses applied to the Mailuu-Suu
area are described by Roessner et al. (2002).
In the frame of the NATO CLG project Risk related to earthquakes,
landslides and spreading of radioactive waste tailings in Mailuu-Suu,
Kyrgyzstan (2003–2004), we combined the existing information with
remote sensing data. In addition, we digitized the landslide scarps as
(buffered) lines to distinguish them from the main landslide body
(the depositional area). The remote sensing data presented in this
paper include the SRTM (Shuttle Radar Topographic Mission, 2000)
DEM ( ∼ 90 m resolution) and two ASTER images (northern part:
29/8/2001, southern part: 18/9/2002, 15–60 m resolution). From the
Fig. 2 Geological map of the central Mailuu-Suu Valley (Universal Transverse Mercator projection) with ASTER DEM hill-shading, location of rivers, landslides, tailings, mining areas, villages and
town (Upper M-S : Upper town of Mailuu-Suu)
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Fig. 3 Mosaic of ASTER images (limit
marked by dashed line), 3-2-1 VNIR bands,
with overlay of scarp (light blue), landslide
body (yellow), river (blue) and tailing (red)
outlines as vertical view with location of
tailing no. 7, landslides Isolith, Tektonik and
Koytash a and perspective view towards the
central Mailuu-Suu Valley in the NE b with
location of landslides Koytash and Tektonik
as well as the factory Kirghizelektroisolith
ASTER images, DEMs were constructed with a resolution of 30 m
using the method proposed by Al-Rousan et al. (1997). Several types
of filters were applied to the models to remove artifacts: high-pass
filter for filtering out low frequencies, segmentation for isolating
holes and peaks, closing of holes, erosion of peaks, median filter,
and dilation. This smoothed the elevation surface and has to be
recognized when morphological aspects are discussed. The filtered
DEMs extracted from the northern and southern ASTER images
were merged to produce a mosaic. The images taken over a year were
analyzed separately because they present different levels of reflectance
(see northern and southern images in Fig. 3a).
Spectral information from the various bands of the ASTER im-
ages was extracted by principal component (PC) transformation. For
the LS analysis, we used the three first principal component images
extracted from the combination of the 3 VNIR (visible and near-
infrared) and 6 SWIR (short-wave infrared) bands of the northern
ASTER image covering most of the target area. Nadir and perspective
views of the merged ASTER images (VNIR 3–2-1 bands) of the central
Mailuu-Suu Valley are shown in Fig. 3a, b.
Landslide activity
The onset of major slope destabilization in the Mailuu-Suu Valley
is connected with the start of mining in 1946. It should be men-
tioned, however, that 24 ancient landslides already existed; they are
not well documented—literature about landslide activity before 1946
is scarce—but show that mining is not the only trigger of slope insta-
bility in the valley.
Twenty-nine new landslides were observed in 1950; they occupied
1% of the slopes along the middle Mailuu-Suu Valley. Large slope
movements with impacts on the local population started in 1953–54
at the foot of the Isolith, Koytash and Tektonik landslides (located in
Fig. 3). Slumping of Isolith caused significant damage in the “Kyr-
gyzelektroisolith” Plant (Fig. 3b). Movement of these landslides con-
tinued in the 1960s with the development of cracks, mudflows, and
minor rock falls. Mining stopped in 1968, but landslide activity con-
tinued. The biggest disaster occurred on July 4, 1992, when 1.5 × 106 m3
of rock material collapsed and formed landslide Tektonik (Fig. 4a).
It buried tailing no. 17 (no more visible), dammed Mailuu-Suu River
and partly destroyed the aforementioned “Kyrgyzelectroisolith” Plant
(Vandenhove et al. 2003). The landslide dam (15 m high and more
than 100 m wide) was eroded by overflow after a few days. Since that
time, Tektonik has dammed the Mailuu-Suu River several times (in
1994, 2002, and 2005), inducing major up- and downstream flooding.
Tektonik is a complex landslide with (multi-rotational) slumping
in the upper part and recent formation of a new scarp 120 m be-
hind the main head-scarp (Fig. 4). In the lower part it became an
earth slide where, seasonally, debris flows develop on its surface. The
1992 Tektonik event occurred 7 weeks after an Ms = 6.2 earthquake
(May 15, 1992) located 30–40 km SSE of the site (Fig. 1). Nothing is
documented about the slope before the earthquake and during the
following 7 weeks (dry period, after snowmelt and rain in spring).
Therefore, it is difficult to determine which contributed more to cause
the mass movement, mining or the earthquake. Possibly, Tektonik is
the product of several actions: existing creep or lowered factor of
safety caused by the mining was accentuated by the seismic ground
motions (peak ground acceleration of the order of 0.1–0.15 g without
considering amplification effects) and turned into a rapid mass move-
ment due to particular ground-water conditions (with interaction of
meteorological factors).
According to Torgoev et al. (2002), the link between the mining
and landslides in the Mailuu-Suu Valley can be explained by the fact
that the rock massif was weakened by the extraction works. When the
mines were abandoned in 1968, many slope failures were induced by
collapse of underground galleries located at a depth of 30–40 m (at
some places, subsidence affects also the surface).
Another mechanism that may explain the increase in slope insta-
bility is a possible rise of ground water in the abandoned mines.
Slopes fail preferentially close to the Central fault, and this may be
due to enhanced ground-water flow along the fault zone. This fault
zone crosses the principal mining zone and could contribute to high
ground water in these areas.
Development of landslides in the Mailuu-Suu Valley in connection
with mining can be considered as similar to the triggering of landslides
by an earthquake: mining may have induced additional fracturing
and weakening of the soft and hard rocks and triggered minor slope
failures—similar to the co-seismic effects of earthquakes on slopes;
the collapse of galleries after the end of mining could be compared
with the impacts of after-shocks; modified groundwater conditions
are observed both after abandonment of mines and after seismic
events. The aim of this comparison is to show that landslide activity in
Landslides 3 . 2006 139
Original Article
Fig. 4 a Landslide Tektonik (view towards
NE), May 2004; b 4-m-high new scarp with
monitoring antenna; c–e evolution of the
new scarp from August 2001 till May 2004,
photos c and d are taken from Vandenhove
et al. (2003)
the Mailuu-Suu Valley is neither spatially nor temporarily stationary
(landslides are not being triggered more-or-less regularly over time).
Medium- to long-term changes can be inferred from landslide
occurrences since 1950 (Fig. 5). Landslides were classified into four
main groups according to their state of activity: incipient landslides
(initiating slope failure), landslides with little movement (mostly
slumping), landslides with ongoing movement (slumping turning
into sliding), and stabilizing landslides (post-sliding creep). During
the survey period, stabilizing landslides (2 in Fig. 5) were the most
numerous ones, followed by landslides with repeated movements (3
in Fig. 5). The number of all types of landslides is increasing with
time, except for incipient failures which have become less numerous
over the last 10 years. An increase in landslide activity was observed
during, or just after, years with abundant precipitation, such as in
1954, 1969, 1978, 1994, 2003 (see Fig. 5). The dependence of landslide
movement on meteorological factors is confirmed by recent detailed
measurements shown at the end of this section.
The increasing number of landslides also implied an increasing
total area of failed slopes, about 0.5 km2 ( ∼ 1% of all slopes in the
Mailuu-Suu Valley) in 1950, 1.2 km2 ( ∼ 2.5%) in 1962, 2.4 km2 ( ∼ 5%)
in 1977 and 4.7 km2 ( ∼ 10%) in 2003. Over the period during and after
mining, increases in the number and area of all landslides are roughly
linear. These trends could be used for predicting the future evolution
of landslide activity: by 2100, the total landslide area could be about
16–17 km2 (30% of the total area). The reliability of such a forecast
is discussed at the end of the paper when other elements have been
analyzed. Further, we need to consider the dependence of landslide
activity on storms, wet seasons, and earthquakes, which may strongly
affect the future evolution.
In order to further characterize the landslide activity, size–
frequency relationships were computed for the three available land-
slide data sets of 1962, 1977, and 2003. These are compared in Fig. 6
with statistics of a landslide-rockslide inventory (446 records) for the
Suusamyr region recently analyzed by Havenith et al. ( in press). Ac-
cording to the method of Malamud et al. (2004), the size–frequency
relationship of these data sets was analyzed in terms of the frequency
density function (f) of landslide areas (AL Eq. (1)):
f (AL ) = δNL
δAL
(1)
where δNL is the number of landslides with areas between AL and
AL + δAL.
This function follows a power-law, with decreasing frequency den-
sity for larger areas. This trend breaks down for small areas and shows
a so-called roll-over (with decreasing frequency density for very small
landslide areas). Such roll-overs are often explained as incomplete-
ness of the data set. Malamud et al. (2004), however, consider their
landslide inventories as complete well below the roll-over, and hence
regard the latter as “real”, but do not explain its origin. From Fig. 6
it can be seen that the roll-over occurs for smaller landslide areas
in the case of the Mailuu-Suu landslide data sets compared with the
Suusamyr landslide-rockslide data set (Fig. 6). For the latter, the max-
imum frequency density is computed for an area of about 7,500 m2
whereas it is about 2,500 m2 for the Mailuu-Suu landslide data set.
Malamud et al. (2004) noticed that all their analyzed landslide data
sets reveal a maximum probability density for 400 to 500 m. Our data
sets appear to be incomplete for landslides smaller than ∼ 10,000 m2
in the case of the Mailuu-Suu data sets and smaller than ∼ 100,000 m2
in the case of the Suusamyr data set.
Power-law trends were fitted to the data larger than these areas.
For the Mailuu-Suu landslides of 1962 and 1977, the exponents are
2.23 and 2.43, similar to values found by Stark and Hovius (2001) and
Malamud et al. (2004) for various types of landside distributions. The
power-law exponents for the 2003 Mailuu-Suu and Suusamyr records
are 1.9 and 1.94, respectively, significantly lower than values obtained
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Fig. 5 Landslide activity (number of landslides with various types of activity) versus precipitation (grey) from 1950–2003
Fig. 6 Frequency-density function for landslide areas in the Mailuu-Suu Valley in 1962 (78 events), 1977 (117 events) and 2003 (220 events) compared with the frequency-density distribution
of landslides and rockslides in the Suusamyr region (446 events)
for landslide inventories analyzed by the cited researchers. These
trends are, however, consistent for records of large landslides, which
can be considered complete and reliable. In the case of the Suusamyr
records, no particular reason was found to explain the low exponent.
The particular power-law behavior of the 2003 Mailuu-Suu landslide
distribution could be explained by the formation of large landslides
by coalescing smaller landslides (or growth of smaller landslides) so
that the number of smaller landslides has been reduced with time
(note also the slightly decreasing number of incipient landslides). A
prominent example of a growing landslide is Tektonik as shown in
Fig. 4. Coalescing slope failures produced large earth slides and flows
in the West of Mailuu-Suu (see double scarps just below the name
“Isolith” in Fig. 3a). This evolution is likely to continue.
Failure mechanisms and landslide growth are also being analyzed
in more detail. Slopes at risk of failure have been monitored since 1996
and their structures investigated with geophysical and geotechnical
methods (surface extensometers and borehole measurements). Dis-
placement data are either manually collected or transmitted by radio
(e.g., antenna on Tektonik shown in Fig. 4b) to a central collection
point (formerly, inside the Kirghizelektroisolith factory—now under
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reconstruction). This system connects to a warning system for emer-
gency response action if rapid movements occur (40 mm/24 h)—an
alarm is triggered and a local evacuation may be started.
Correlations between slope movements and climatic conditions,
i.e., snow cover and precipitation, as well as seismic activity are
shown in Fig. 7 for the Middle Koytash and Upper Koytash (loca-
tion in Fig. 3b). Similar records exist for several other landslides, such
as Tektonik and Isolith. From these data, it can be inferred that the
landslides reactivate each year, mainly at the end of spring and begin-
ning of summer, due to high groundwater level after snowmelt and
the spring rains. Some reactivations can also be attributed to seismic
shocks such as the movement of Upper Koytash after a relatively shal-
low (depth ∼ 22 km) Ms = 5.9 earthquake that occurred on 9/1/1997
in the Osh district at an epicentral distance of ∼ 150 km from the
site (note the very low acceleration expected for the site <0.05 g if no
amplification is taken into account).
The Koytash landslide is moving slowly, averaging less than 40 cm
per year in the upper part and about 60 cm per year in the middle
part. Some landslides, however, move faster, such as for example the
Isolith landslide, which averages about 1.5 m per year. The largest
daily displacement (60 cm in 2 days) was recorded on Upper Koytash
after the Ms = 5.9 earthquake in January 1997.
Landslide susceptibility
A critical question raised above concerns the potential for future
landslides. Therefore, LS was assessed for the Mailuu-Suu Valley using
the Spatial Analysis extension of the Arcview 3.2 software. All available
information was used in grid (raster) format: the 30-m ASTER DEM,
the 15-m principal component (PC) images and the geological map.
Vectors, such as scarps, landslide bodies, and fault outlines (only the
Central fault shown in Fig. 2 was included) were transformed into
raster format by computing grids of distances from each feature. In
the case of the scarps, the values of pixels within 30 m from the
scarp outlines were set to 1, the others to 0 (i.e., a 30-m external and
internal buffer). The entire detachment area was not used, in order
to determine the conditions, which lead to rupture at the surface
(i.e., visible at the surface to be used as indicator for future scarp
formation). For landslide deposits, the area within landslide polygons
as well as the surrounding 30-m buffer was used. For the Central fault
zone, the whole distance-to-fault map was reclassified into five units
(five classes between 0 and 7,500 m).
The topographic information (30-m ASTER DEM) was processed
in terms of slope, aspect, and tangential curvature. Smoothing of
the DEM described earlier affected calculation of the morphological
factors. Calculated slope angle and curvature are especially likely to
be less than in reality. Hence, they should be considered as relative
indices rather than as absolute values.
The role of the various morphological factors in determining LS
is only briefly discussed in this section. For more detailed discussion
we refer the reader to the works of Ayalew et al. (2004), Gritzner et al.
(2001) and Lee et al. (2004) and to a previous study (Havenith et al.
in press). The susceptibility analysis is based on the following factors:
slope, aspect, curvature, geology and fault distance maps as well as
the 3 PC image-grids.
Landslide factor analysis
A preliminary factor analysis was carried out to roughly define the
influence of each factor on landslide body or scarp location. This
first approach uses the correlation between landslide body (scarp)
distribution and pixel values of the various factors. It computed the
densities scaled for the specific map extent of landslide masses, Lm,
(or scarps, Sc) within a factor class using Eq. (2). This allowed us to
define the type of slope most prone to scarp formation or landslide
mass deposition.
Scarps preferentially develop (have highest density) on slopes of
12–18◦, oriented towards the NE or W, characterized by a slight convex
(tangential) curvature and located in lower Paleogene or lower Cre-
taceous rocks close to the Central fault. Landslide bodies are located
on similar types of slopes, but those characterized by a slight concave
curvature. Jurassic rocks are also landslide prone, but cover only a
very small area in the region, hence, their presence does significantly
influence LS over the entire area.
Sc(Lm) = bu f f er − clas s − counts
clas s − counts •
map − counts
bu f f er − counts (2)
where Sc (Lm) is the map-scaled scarp (landslide mass) density, buffer-
class-counts the number of pixels of the same class within all scarp
(landslide mass) buffers, class-counts the number of all pixels in the
same class, map-counts the total number of pixels within the map and
buffer-counts the number of pixels within all scarp (landslide mass)
buffers.
It may seem surprising that failures develop on relatively gentle
slopes; however, the DEMs were smoothed and hence computed slope
angles (and also curvatures) are smaller than the real ones. Also, high
slopes generally characterize hard rock massifs, which are less prone
to (here investigated) slope instability.
Correlations were also made with distance from mines, rivers, and
roads; they generally show a spatial proximity between slope failures
and these features. In particular, the distance from mines seems to
have an influence on LS while the influence of the other factors on
slope stability could not be well outlined. For the final LS mapping
we did, however, not include the anthropic effect.
Conditional analysis
The main part of the LS analysis is based on the conditional analysis.
It consists of subdividing the entire area into pixels characterized by
a specific combination of factors (Carrara et al. 1995), or conditions
– termed unique condition units (UCUs). Thus, each pixel of the
resulting digital map is characterized by a new index. In order to
evaluate the landslide susceptibility of the UCU, we computed the
map-scaled scarp (landslide mass) densities for each UCU according
to Eq. (2) where class means UCU, a combination of factor classes
(“natural breaks” used as reclassification).
Several studies (e.g., Carrara et al. 1995) suggest applying neigh-
borhood majority filtering after each new combination of two factor
grids. This approach was not applied here because it significantly
reduces the efficiency of the method. A major disadvantage of not
including filtering during computation is that the number of UCU
produced by combinations of many factor classes can be very large
and cause computation problems.
The outcomes of the LS analysis were analyzed with regard to ten
(out of 20) different factor-combinations made over three different
map extents (GEOLOGY map, northern ASTER image and ASTER
mosaic). The results are presented in Table 1 in terms of maximum
map-scaled densities and the respective counts (number of pixels of
the UCU), and in terms of predictive power (PP) of the resulting LS
map. We defined the predictive power as:
P P = average of the 10% of the most susceptible UCU
average of the 90% of the least susceptible UCU
(3)
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Fig. 7 Extensometer displacement
measurements (cm) at the Antenna on
Upper Koytash (dark grey curve) and point 5
in Middle Koytash (PK5, light grey curve)
correlated with meteorological factors (a,
see legend) and local seismicity (b, see
legend) with indication of one possible
seismic activation (black arrow)
Table 1 Summary of results obtained for ten LS analyses
Combination(a) Max Sc Counts PP(b)
S 1.7 102189 1.9
S-A 3.2 896 2.6
S-C 2.0 24 2.0
C-A 6.1 34 1.8
S-A-C 24.4 1 3.0
PC123 27.7 2 3.1
PC123-S-A 27.7 1 12.5
PC12-S-A-C 27.7 1 19.1
G-S-A-C 15.5 1 10.6
F-G-S-A-C 15.5 1 31.6
The respective results obtained for scarp and landslide body loca-
tion are similar and will only be shown for the first ones; hence, the
susceptibility of a UCU is here defined as the map-scaled density of
UCU within scarps (Sc).
(a) Combination: S-SLOPE, A-ASPECT, C-CURVATURE, G-
GEOLOGY, F-FAULT DISTANCE, PCxyz-Principal Components
x,y,z (the first five combinations were carried out over the ASTER
image mosaic, the three following, over the northern ASTER im-
age, and the two last over the GEOLOGY map.
(b) Predictive power values.
LS mapping based on a single factor (here the SLOPE angle) is char-
acterized by a low PP (Table 1). Comparison of results obtained for the
three pair-combinations involving morphological factors reveals that
CURVATURE has the least influence on landslide distribution. The
predictive power of the map combining all three morphological fac-
tors is 3, similar to that of the map produced by the combination of the
three first principal component images. In order to take into consid-
eration both the morphological and spectral information, principal
component images were combined with the two important morpho-
logical factors, SLOPE and ASPECT (a combination with the third
factor was not possible due to computational limits). This allowed us
to construct a susceptibility map with a predictive power of up to 12.5
on the basis of the northern ASTER image alone. The combination
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Fig. 8 Comparison between five different LS maps of the Mailuu-Suu Valley in terms of map-scaled scarp densities (see Sc-scale), overlay of scarps (thin, black), landslide bodies (thin, white),
rivers (blue) and town (grey). Abbreviations used in the map titles, see below Table 1. Limits of map extents are marked by black lines. For performance of the maps see Table 1
of all three morphological factors with two first principal component
images results even in a larger predictive power (up to 19); the com-
bination with GEOLOGY produces a predictive power of more than
10. If the FAULT DISTANCE map is added to the latter combination
(within the GEOLOGY map extent) the predictive power rises to 31.6.
These results indicate the strong influence of geology and tectonics
on LS (greater than the effect of morphological factors).
The LS maps (in terms of map-scaled scarp density) corresponding
to five different combinations, S-A, S-A-C, G-S-A-C, F-G-S-A-C and
PC12-S-A-C (Fig. 8) show that increasing combination complexity
allows us to distinguish more clearly high-susceptibility from low-
susceptibility zones. Combinations with more than four factors detect
highest susceptibilities mainly within existing scarp areas (see Figs. 8c,
e). Medium to large susceptibilities can also be found in other areas,
showing that there is significant potential to develop new landslides.
A large instability potential was found in a zone west of the Mailuu-
Suu region. This zone is now recognized as landslide Bedresai (Fig. 9)
mapped only recently, after completion of our analysis. Within the
landslide polygon (white) map-scaled landslide density values (using
PC12-S-A-C combination) are higher than outside the area of slope
instability. This landslide probably occurred in 1993 (but it is difficult
to detect it on remote imagery). From this it can be inferred that
the method does not predict this landslide occurrence but detects
it as existing instability (in addition to other slope failures included
in the conditional analysis). Such a “blind detection” confirms the
reliability of the method. Its ability to predict future slope failure
locations can only be proved by comparing it with future landslide
occurrences.
Damming and flooding risk
In the past, landslides have often blocked the main Mailuu-Suu River
and some of its tributaries. The likelihood of a future landslide dam
can partly be evaluated from the previously shown velocity data.
As proposed by Swanson et al. (1986) and Clerici and Perego (2000)
damming requires a relatively fast landslide. Koytash and Isolith land-
slides move with mean annual velocities of 0.6 and 1.5 m, respectively.
On the basis of these average values, neither Koytash nor Isolith are
likely to block Mailuu-Suu River; only a catastrophic change in its
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Fig. 9 LS (PC12-S-A-C combination) of the western part of the Mailuu-Suu Valley in terms of
map-scaled landslide mass densities (see Lm-scale), overlay of landslide bodies (thin, white),
and inhabited areas (dark gray outlines). The recently mapped landslide Bedresai has been
added to compare with LS prediction. For performance of the map see Table 1
activity could result in a dam with significant upstream flooding,
such as was observed several times at landslide Tektonik.
In general, the rivers flood during spring to early summer when
snowmelt combines with heavy rain. Then, the discharge of the river
may reach 100 m3/s. A particular factor that may add to the discharge
of Mailuu-Suu River and enhance the flood risk is a possible outbreak
of the mountain lake Kutman Kul, in the headwaters of Mailuu-Suu
River at an altitude of 2,841 m (45 km upstream from the town of
Mailuu-Suu). This lake formed when the valley was dammed by an
ancient rockslide. It has a volume of about 4.5 × 106 m3. At present,
it seems that the likelihood of an outbreak is low, principally because
there is no sign of previous overtopping, and the dam crest is more
than 5 m higher than the lake level. Water discharge is through the
rockslide body. Downstream, the water is collected by another lake,
also dammed by rockfalls. This dam is much smaller and regularly
overtopped during high river flows.
Preliminary results of GIS-based flooding analyses show that a gen-
eral rise of Mailuu-Suu River of about 5 m produced by a landslide-
dam breach in the headwaters would affect only tailings close to the
river channel (e.g., tailing no. 7 immediately upstream of landslide
Koytash, see Fig. 3a). The same would also be partially inundated by
flooding upstream of a 10–15 m high dam formed by landslide Koytash
located several tens of meters downstream of tailing no. 7. However, as
discussed above, Koytash seems to move too slowly to overcome river
erosion processes affecting the landslide foot. Flooding upstream of
a dam formed by landslide Tektonik is a more acute problem because
movement of this landslide can, especially at the end of spring, quickly
turn from creeping to collapsing. In the future, upstream flooding
will probably have little effect on the tailings, but will affect build-
ings and other constructions. The possible affects of downstream
flooding on tailings (notable tailing no. 3) and people have still to be
evaluated.
Discussion
A major issue highlighted by analysis of the evolution of recent land-
slides is the continual increase in the number of slope failures and
area of unstable slopes. Is this trend likely to continue?
The potential for future slope instability is of some importance.
Therefore, an analysis of landslide susceptibility has been made. This
analysis shows that, in addition to existing landslide sites, there are
still large areas of slopes that could become unstable in the future.
Hence, there is a potential for the total landslide area to increase
and for existing landslides to get bigger. Analysis of previous land-
slide developments showed that either the area of mass movements
will enlarge or large landslides will be formed as smaller slope fail-
ures coalesce. Both mechanisms were considered in outlining four
possible future large landslides on the landslide susceptibility map
(map-scaled landslide-mass density for PC12-S-A-C combination in
Fig. 10a and G-S-A-C combination in Fig. 10b): growth of Tektonik
landslide (dark blue, ∼ 0.5 × 106 m2), coalescing of landslides around
landslide Koytash (light blue, ∼ 1.2 × 106 m2), and close to Upper
Mailuu-Suu (blue, ∼ 0.65 × 106 m2); a new large landslide west of
Kara Agash (greyish blue, ∼ 0.7 × 106 m2) due to the higher landslide
susceptibility along the slope close to Kara Agash (only indicated by
the G-S-A-C map).
The next step is to evaluate how long it will take to develop such
large landslides. If the general trends of number and size of landslides
are considered (and assuming that the datasets are reliable), the total
area affected by failures could triple by 2100 (10% is now affected,
and it could reach 30% by 2100). The area of the largest landslide
appears to depend on the total landslide area: a large landslide such
as shown on Fig. 10 around Koytash (1.2 × 106 m2) could form within
∼ 150 years (present area of 3.4 × 105 m2 formed over ∼ 50 years).
Such predictions assume that the slope stability is stationary over
time; however, we think that the future evolution depends on the
relative importance of anthropic (past mining and now collapsing
galleries) and natural factors (climate and earthquakes). If anthropic
factors were (and still are) important, destabilization will possibly
cease in the future, and landslide activity will slow. If, however, human
activity acted only as a local trigger without long-lasting influence,
landslide evolution in recent years can only be explained by the strong
climatic influence. In which case, slope destabilization is likely to
continue in the future and could accelerate under critical conditions
(successive wet seasons, and combinations of wet conditions and
seismic ground motions).
This last scenario is likely because a strong climatic influence can
be shown to be present in the observations and monitoring, whereas
the impact of mining can only be inferred from their spatial and
temporal proximity.
Our speculations need to be checked, and when landslide activity
becomes stationary, the recurrence of landslide events should be es-
timated on the basis of size-frequency relationships that include also
the time factor. The size-frequency relationships presented above re-
fer only to frequency in size (how much) and not to frequency in
time (how often). Therefore, the following estimates of potential
socio-economic impacts of landslide activity are deterministic (time-
independent) and not probabilistic (probability of event within a
certain time interval).
Major impacts of future activations are indicated in Fig. 10 marking
possible direct effects on people (and tailings) and indirect effects due
to damming (white and black arrows, respectively). Three important
tailings could be affected by future slope movements: tailing no. 3
(T3 in Fig. 10b) by collapse of the overhanging portion of Tektonik,
tailing no. 6 (T6 in Fig. 10b) by destabilization of neighboring slopes,
and tailing no. 8 by a collapse of landslide Isolith (T8 in Fig. 10b).
Note that the maps mainly represent the potential for coherent slides
and not for debris flows which could develop in many other areas and
affect other tailings, e.g., tailing no. 7 (directly in the south of T6), as
it happened in 1958.
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Fig. 10 Two alternative landslide susceptibility maps of the Mailuu-Suu Valley in terms of
map-scaled landslide mass densities (see Lm-scale), overlay of landslide bodies (thin, white),
tailings (light green) and inhabited areas (black outlines). Possible future large landslides are
outlined in blue, possible direct impacts on people (and tailings no. 3–T3, no. 6–T6, no. 8–T8)
are indicated by white arrows, indirect impacts due to damming by black arrows
Numerous inhabited areas are located very close to slopes having
high landslide susceptibility, such as the northeastern part of the town
Mailuu-Suu, the village of Kara Agash at the foot of the northern
tongue of Tektonik, and the eastern part of Upper Mailuu-Suu. In
addition, some landslides are populated areas themselves (e.g., several
houses on landslides Koytash). Also in the future, a large landslide
west of Kara Agash could both directly and indirectly affect people,
the latter by damming the small river of Kara Agash.
Mitigating the risk in the Mailuu-Suu Valley recently has been rec-
ognized as a major priority. Previous and present projects propose
many remediation measures, such as a tunnel to by-pass possible fu-
ture dams formed by Koytash or Tektoink, relocation of tailings (e.g.,
tailing no. 3 added to tailing no. 6—however, note the high landslide
susceptibility close to this latter site). Most of these suggestions evalu-
ate today’s situation and do not consider possible future landslides. In
particular, a massive landslide of more than 107 m3 would cause many
additional problems, which would not be solved by the proposed
measures. In the worst case, mitigation may not be “economic” but
will require a very large investment. Artificial dams upstream in the
central valley, and spill-ways in existing landslide dams are needed to
control flooding, and reduce the hazard related to flood waves. If a
deep by-pass tunnel along the western riverbank opposite to the Koy-
tash and Tektonik landslides were to be constructed to permanently
deviate the waters of Mailuu-Suu River, it should be designed to cope
with future large landslide developments. Buttresses are needed in the
dry riverbed to support the foot of landslides Koytash and Tektonik.
Study is needed of the possibility of reducing the ground water inflow
through the Central fault zone. Draining systems are needed in the
permeable soils and behind the headscarps of the major landslides to
reduce surface-water inflow from the heights. Also, all tailings close
to Mailuu-Suu River (no. 3, 5, 6, 7, 8, 9, 18) need to be removed and
stored in flat sites beyond the valley bottom.
Conclusions
The present paper discusses landslide-related hazards and associated
impacts in the central Mailuu-Suu Valley. A major episode of landslide
activation started a few years after the beginning of uranium mining in
the 1940s and, hence, is likely to be connected with the mining. Some
major landslides have already caused “local-scale” disasters, such as
“Tektonik” which has dammed Mailuu-Suu River several times since
its major collapse in 1992. Associated upstream and downstream
flooding affected numerous buildings and destroyed parts of the
factory “Kirghizelektroisolith”.
Observations made over the last 50 years and ongoing monitoring
have shown that landslide activity is increasing (with constant rate
of destabilization). Large landslides tend to develop either by simple
growth, or by smaller landslides coalescing. Landslide susceptibil-
ity analyses suggest that several large landslides (areas larger than
0.5 × 106 m2, volumes larger than 8 × 106 m3) could develop around
existing landslides (Koytash and Tektonik, at present, the two largest,
with volumes of about 5 × 106 and 3 × 106 m3, respectively) or at new
places, such as west of Kara Agash.
The size of a mass movement is not the only important factor, the
dynamics can even be more critical; a slow-moving large landslide
such as Koytash does not present a major risk as such. If it accelerates,
however, the hazard of a major blockage of Mailuu-Suu River will
be significantly increased. An external trigger that is able to strongly
accelerate movement is seismic shaking. Thus, it is important to
determine the regional seismic hazard of the area as well as local
ground-motion effects that may contribute to slope failure.
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The landslide danger in this valley is significantly aggravated by
the presence of nuclear waste dumps and tailings. These abandoned
remnants of the former uranium-mining industry are exposed to
erosion, which degrades their protection. Some tailing dams may
be directly destroyed by landslide movement, such as the tailings
no. 3, 6, and 8. Others could be affected by landslide-dam-induced
flooding (e.g., tailing no. 7). Their destabilization could pollute the
hydrosphere.
At present, landslide evolution cannot be predicted in terms of
probability of occurrence within a certain time period. We are only
able to conclude that the threat of landslides, flooding, and related
tailing destruction is “hanging” over the town of Mailuu-Suu and the
regions downstream like a Damocles sword—it is likely to fall but we
do not know when it will fall.
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